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Abstract
This PhD thesis is developed in the framework of LARAMED project (LAboratory of RA-
dioisotopes for MEDicine), funded by MIUR and Istituto Nazionale di Fisica Nucleare (INFN),
whose aim is the production of radioisotopes with medical applications (among which 64Cu,
67Cu, 68Ge/68Ga, 82Sr/82Rb and 99Mo/99mTc), by using the high performance cyclotron that
will be installed in 2014 at Laboratori Nazionali di Legnaro (LNL, Padova, Italy). This cy-
clotron will be used for both research in nuclear physics and astrophysics (thanks to SPES
project, focused on the Selective Production of Exotic Species) and research in applied physics.
Among all applications of interest, the production of radioisotopes for medicine has a funda-
mental role, since it promotes the cooperation between different scientific areas, i.e. nuclear
physics, radiochemistry, biology and medicine. Moreover, in the framework of LARAMED
an international collaboration between INFN and GIP ARRONAX (Accelerator for Research
in Radiochemistry and Oncology at Nantes Atlantique, Nantes, France) has started, in or-
der to develop innovative techniques aimed to the optimization of radioisotope production,
by promoting the mutual exchange of knowledges. During the PhD and in the context of
APOTEMA project1, the production of Molybdenum-99 and Technetium-99metastable has
been studied, while in collaboration with ARRONAX facility, the production of Copper-67,
the main emerging nuclide in RAdio Immuno Therapy (RAIT), has been investigated.
99mTc is currently provided in nuclear medicine departments as 99Mo/99mTc generator
system, but the recent crisis in 99Mo production by nuclear reactors and the catastrophic
incident at Fukushima2, pushed the scientific community to find alternative supply sources of
these vital nuclides. In Italy the problem of possible supply of 99Mo and 99mTc by using accel-
erators has been faced with the APOTEMA project, by studying the 100Mo(p,x)99Mo,99mTc
and 96Zr(α,n)99Mo reactions. Considering the performance of the incoming cyclotron and the
proton-induced nuclear reactions on 100Mo targets (whose cross sections have been repeatedly
measured since the 70’s), the optimal irradiation conditions have been found in case of 99Mo
and 99mTc production. These estimations show that the specific activity of resulting 99Mo is
much lower than the actual product obtained in nuclear reactors (a factor 102-104), forcing the
use of alternative generator systems and thus making this method not a favourable solution.
On the other hand, the direct production of 99mTc seems to be an interesting option; how-
ever, in this case, the choice of irradiation conditions is crucial, since it maximizes the yield
of 99mTc, minimizing that of other radioactive Tc-impurities. Obtained results underline that
the parameters referred to the quantity and quality of produced 99mTc are optimized when
the energy of the proton beam is ≤ 20 MeV and the irradiation is ≤ 3 hours.
Still in the framework of APOTEMA project and thanks to the collaboration with ARRONAX
facility, the cross section of the 96Zr(α,n)99Mo reaction, studied only by Chowdhury et al. in
1995, has been measured, by using targets of natural Zirconium and by rescaling the values
for 100% enriched 96Zr targets. Results confirm the trend previously found, showing an higher
peak value, around 180 mb, and an energy shift of about 2 MeV towards higher values. Con-
trary to the proton-case, the (α,n) reaction provides a high specific activity 99Mo, allowing
the fabrication of standard 99Mo/99mTc generator systems, and thus the maintenance of the
actual 99mTc distribution chain; moreover, the issue of Tc-contaminants in the final product
is avoided, since in this case 99mTc is produced only by decay of 99Mo. Once estimated an
1Accelerator-driven Production Of TEchnetium/Molybdenum for medical Applications, funded by INFN and
developed in collaboration between LNL, Ferrara, Padova, Pavia and Milano sections.
2The nuclear accident happened on 11 March 2011 in Fukushima (Japan), when the I Nuclear Power Plant was
hit by the tsunami caused by the Tohoku earthquake.
interpolation curve of experimental results, it is possible to calculate the 99Mo yield for the
optimized energy range (25-12 MeV), i.e. about 1.3 MBq/µAh (corresponding to a 96Zr thick-
ness of about 120 µm). Thermo-mechanical calculations also confirmed the feasibility of this
route, showing that the temperature in the front and on the back of the target is always lower
than the melting point of Zirconium (2128 K).
The production of Copper-67 with accelerator is one of the purposes of physics applied
to nuclear medicine: the cross section of the 68Zn(p,2p)67Cu reaction, the most efficient one
in case of 67Cu production, has been repeatedly measured over the past years. Moreover, a
recommended cross section was recently evaluated, by considering some of the experimental
results and by calculating an interpolation curve of the selected points. In collaboration
with ARRONAX facility, a new measurement of the 68Zn(p,2p)67Cu cross section has been
carried out, by using targets containing enriched Zinc-68. These results confirm the trend
of the reaction: in particular, at high energy (70 MeV) there is a good agreement between
our estimation and previous ones, while at low energy (40 MeV) our values are lower than
the recommended ones (a discrepancy about 35%); however, at low energy our results are in
agreement with the values published by Stoll et al. in 2002. Once known the interpolation
curve of our results, the 67Cu production yield has been calculated for the optimized energy
range of 70-30 MeV, obtaining about 26 MBq/µAh (referred to a 68Zn thickness of about
7 mm). This value, in comparison with the one obtained by using the recommended cross
section (giving about 30 MBq/µAh), is 13% lower. The accuracy of this estimation is easily
noted when considering the discrepancy of 39% between the 67Cu yield obtained by using the
recommended and the theoretical3 cross sections.
In conclusion it has to be noted the need of further studies and experimental campaigns,
in order to complete the work done and provide a full scenario for the optimization of ra-
dioisotopes production with accelerators; in particular, both physical (nuclear reaction of
contaminant nuclides, trend of the cross sections at higher energies) and radiochemical (pro-
duction and processing of targets, recovery and reuse of enriched materials) aspects have to
be analysed in detail.
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3The theoretical cross section is available on the database TENDL and provides a 67Cu yield of about 49
MBq/µAh.
